iriciel applied
o sciences

Article

Lateral Dynamic Response of Helical Pile in Viscoelastic
Foundation Considering Shear Deformation

Xiaoyan Yang 12, Chaozhe Wang 2, Sheng Cao 2%, Fengxi Wang 2> and Wenbing Wu 23-*

check for
updates

Citation: Yang, X.; Wang, C.; Cao, S.;
Wang, F.; Wu, W. Lateral Dynamic
Response of Helical Pile in
Viscoelastic Foundation Considering
Shear Deformation. Appl. Sci. 2023,
13, 12220. https://doi.org/10.3390/
app132212220

Academic Editors: Angelo Luongo,
Yanlin Zhao, Yixian Wang, Hang Lin

and Panpan Guo

Received: 17 September 2023
Revised: 2 November 2023
Accepted: 3 November 2023
Published: 10 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

1 School of Physics and Mechanical & Electrical Engineering, Hubei University of Education, Wuhan 430205,
China; yxyxmu@163.com

Engineering Research Centre of Rock-Soil Drilling & Excavation and Protection, Ministry of Education,
Zhejiang Institute, China University of Geosciences, Wuhan 430074, China; wang_chaozhe98@163.com (C.W.);
caoshengzt163@126.com (S.C.); hydroxir@163.com (F.W.)

3 China Railway 16th Bureau Group No. 3 Engineering Co., Ltd., Huzhou 313000, China

Correspondence: zZjuwwb1126@163.com

Abstract: Helical piles are a new type of pile that has good application prospects, and researchers
have carried out an in-depth investigation into their vertical uplift and compressive bearing capac-
ity. However, there is relatively little research on the dynamic bearing characteristics of helical piles.
Therefore, the lateral vibration of a helical pile embedded in the viscoelastic foundation is system-
atically studied in this article. Utilizing the equivalent stiffness method to transform a helical pile
into a cylindrical pile of special diameter, the lateral vibration model of the helical pile considering
shear deformation is established based on the Winkler foundation model and the Timoshenko beam
theory. The analytical solutions for the lateral dynamic displacement, bending moment, and shear
force of the helical pile are strictly derived, and the rationality of the present solutions is also verified
by comparing them with existing solutions. Based on the present solutions, a parametric study is
carried out to investigate the influence of the pile and soil properties on the lateral dynamic response
of the helical pile. It is found that the load excitation frequency and pile—soil stiffness ratio have a
significant influence on the lateral dynamic displacement, bending moment, and shear force of the
helical pile with space and time response.

Keywords: helical pile; lateral vibration; viscoelastic foundation; shear deformation; Timoshenko
beam theory

1. Introduction

The helical pile is a new type of variable cross-section pile foundation, whose side sur-
face is attached by helixes to enhance the interaction between the pile body and soil [1-3].
The existence of helixes can raise the lateral friction resistance of helical piles, leading to
their increasingly widespread application in engineering, especially for some structures
that mainly undergo lateral loads such as wave load, wind load, and seismic load [4-6].
Therefore, in recent years, many scholars have paid attention to investigating the static
and dynamic characteristics of helical piles due to their bearing advantages [7-18].

At present, many scholars mainly utilize model tests, field tests, and theoretical re-
search methods to investigate the vertical deformation mechanism of helical piles. In the
field of the vertical uplift bearing characteristics of helical piles, Dong et al. [19] conducted
in-depth research on the transfer mechanism of pull-out load among the helixes, pile body,
and soil by considering the size effect of the helixes. Hu et al. [20] obtained the distribution
law of soil pressure on the side of a helical pile with a helix at its bottom under the condi-
tion of uplift. Wang et al. [21] conducted a comprehensive comparison of the freeze-pull
characteristics of helical piles and cylindrical piles in cold soil areas, confirming that heli-
cal piles can reduce the freeze-pull disease of foundations in cold regions. Hao et al. [22]
studied the interaction between the helixes of the multi-helix helical pile and its influence
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on the vertical uplift bearing capacity of the helical pile. Wang et al. [23] studied the influ-
ence of pile formation effect on the vertical uplift bearing capacity of the single-helix helical
pile, and obtained the corresponding calculation formula of vertical uplift bearing capacity.
Filho and Tsuha [24] studied the uplift performance of the grouting helical pile in residual
soil. Feng et al. [25] investigated the vertical uplift bearing capacity of the micro helical
pile in different soil layers under different loading modes through on-site experiments. In
terms of the vertical compressive bearing characteristics of the helical pile, Meng et al. [26]
and Black et al. [27] successively carried out systematic model tests on the vertical
compressive bearing characteristics of helical piles in sand and soft clay. Furthermore,
Zhang et al. [28] carried out systemic model tests to study the influence of design parame-
ters of the helical pile on its vertical compressive bearing capacity and obtained the reason-
able combined design parameters of the helical pile. Through model tests, Hu et al. [29],
Dongetal.[30,31], Akopyan etal. [32], and Wang et al. [33] successively investigated the cal-
culation theory of the vertical compressive bearing characteristics of the helical pile under
different loading conditions and different soil properties, and obtained a series of useful
calculation formulas.

According to the above literature review, the research on the vertical deformation
mechanism of the helical pile has been extensive and in-depth, but there are still relatively
few existing research results on the lateral bearing characteristics of the helical pile. How-
ever, Hu et al. [34] found that the existence of helixes would improve the lateral bearing
capacity of the helical pile through a series of model tests. Hussein and El Naggar [9] as
well as Elsawy et al. [35] also confirmed that the presence of helixes could improve the
seismic resistance of the helical pile through large-scale shaking table tests. Meanwhile,
Zhang et al. [36] derived a calculation formula for the lateral vibration characteristic of
the helical pile by the equivalent stiffness method, and once again demonstrated that the
changes in the pile parameters of the helical pile have a significant influence on its lat-
eral vibration characteristics. Therefore, the lateral bearing behavior of the helical pile
is also worth further research, especially the dynamic problems of helical piles widely
used in wind power foundations, transportation foundations, and other engineering
projects [37-41]. However, most of the existing research on the dynamic response of the
helical pile and the dynamic interaction theory between helical pile and soil is based on
the Euler beam model, and the breadth and depth of research are still insufficient. Fur-
ther research is urgently needed on the lateral dynamic response (LDR) of the helical pile
considering the pile-soil interaction [42].

In order to investigate the lateral vibration characteristics of the helical pile more real-
istically, this paper takes the shear deformation effect of the helical pile into account, and
develops an equivalent stiffness method to establish the dynamic governing equations of
the helical pile embedded in a viscoelastic foundation based on the Winkler foundation
theory and the Timoshenko beam theory. Then, the analytical solutions for the lateral dy-
namic displacement (LDD), bending moment (BM), and shear force (SF) of the helical pile
are strictly derived, and the rationality of the analytical solutions is also verified by com-
paring it with existing solutions. Based on the obtained solutions, the influence of pile and
soil parameters on the lateral vibration characteristics of the helical pile with space and
time response is investigated in detail. The relevant results can be utilized to guide the
dynamic design of helical piles under lateral loads, especially suitable for the helical piles
in marine engineering and the design of dynamic foundations on helical piles.

2. Equivalent Model of Helical Pile
2.1. Establishment of Equivalent Model

Under the action of lateral exciting force at the pile top, bending stiffness is a key in-
dicator determining the LDR of the helical pile [43-45]. Since the helical pile is a variable
cross-section structure, it is necessary to establish a reasonable stiffness model for the heli-
cal pile body. As seen in Figure 1, D, Dy, and H are the diameter of the straight pile part,
diameter of the helix part, and length of the helical pile, respectively. According to the
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equivalent stiffness method proposed by Zhang et al. [36], the helical pile can be equiva-
lent to a cylindrical pile with the same stiffness, and the equation of equivalent stiffness
can be written as

o/

Eplp = EL L, (1)
where E;, and I, denote the elastic modulus and cross-section inertia moment of the he-
lical pile, respectively. El’D and 1}; represent the elastic modulus and cross-section inertia
moment of the equivalent cylindrical pile, respectively.
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Figure 1. Simplified schematic diagram of helical pile.

Since the helical pile and the equivalent cylindrical pile have the same composition
materials, it can be obtained that I, = I{, due to E, = EI/D. Then, the equivalent diameter
relationship between the helical pile and equivalent cylindrical pile can be found by com-
paring the two inertia moments. The inertia moment of the helical pile can be decomposed
into two parts:

Ip = Ip1 + L2, ()

where I, = nD*/64 denotes the inertia moment of the straight pile part of the heli-
cal part, and Ipp = hb?® /12 represents the inertia moment of the helix part of the helical
pile, respectively.

As shown in Figure 2, when the cutting helix is a lateral section, the vertical projection
of its cross-section can be treated as a rectangle, where / is the length from the outer side
of the helix part to the outer side of the straight pile part, i.e., h = (Dy — D) /2; the width
b is determined by the thickness b; and the inclination angle of helixes ¢, i.e., b = by csc ¢.
Then, the inertia moment of the helical pile can be rewritten as

I, = [3nD* + 8b° csc® ¢(Dy — D)] /192, ©)
The cross-section inertia moment of the equivalent cylindrical pile can be expressed as
I, = mD;*/ 64, (4)

where Dj is the diameter of the equivalent cylindrical pile.
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D

Figure 2. Cross-section diagram of helix.

2.2. Validation of Equivalent Model

To prove the rationality of the equivalent stiffness conversion method in this article, the
inertia moment of the helical pile given in Equation (3) is compared with that of the steel pipe
helical pile obtained by Zhang et al. [36], i.e,, Iy = [37(D — d)* 4 8b% csc® ¢(Dy — D)] /192,
where d denotes the inner diameter of the steel straight pipe part, and the meanings of
the other parameters are the same as those shown in Figure 1. It can be noted that, when
d — 0, the inertia moment of the steel pipe helical pile obtained by Zhang et al. [36] can
be degraded to the inertia moment given in Equation (3). This indicates that the equiv-
alent stiffness conversion results of the two pile types are consistent, thus verifying the
rationality of the present equivalent model.

3. Governing Equations and Their Solutions
3.1. Dynamic Equation of Soil

Following the work of Gazetas and Dobry [46], the stiffness coefficient of the
pile—surrounding soil can be obtained as

ky = 1.2E,, (5)

The damping coefficient of pile-surrounding soil can be gained as
_1 ﬁs
cx R 6.0a9" 2psVsDy + Zk,(;, (6)

where ky and cy are the stiffness and damping coefficients of pile—surrounding soil, respec-
tively; Vs = /Es/2ps(1 + vs) represents the shear wave velocity of pile-surrounding soil;
Bs, ps, Es, and v are the damping ratio, density, elastic modulus, and Poisson’s ratio of
pile—surrounding soil; w denotes the circular frequency, and a9 = w - D;/ Vs represents
the dimensionless frequency, respectively.

3.2. Dynamic Equation of Helical Pile

Timoshenko [47] modified the Euler beam theory and proposed a more accurate beam
deformation theory which can consider the effects of shear deformation and rotational in-
ertia on the lateral vibration characteristics of the pile. Furthermore, Wang [48] found that
the influence of rotational inertia of the beam cross-section in Timoshenko’s equation on
the beam vibration characteristic was so small that it would not be considered in this paper.
Figure 3 shows the schematic of the pile-soil interaction model, in which ¢ represents the
rotation angle of the pile cross-section, &« denotes the inclination angle of the elastic axis,
and B means the shear deformation angle, respectively.

To solve the governing equation more conveniently and ensure the universality of the
results, this article proposes the following assumptions:

(1) The pile’s surrounding soil is a homogeneous, isotropic, and viscoelastic medium.
Therefore, the stiffness and damping coefficients of the soil layers are both constants
along the vertical direction.
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(2) The pilebody is a combination of circular and rectangular sections, and only the bend-
ing deformation of the pile is considered after simplification.

(3) The pile-soil system is subjected to small deformations and strains during lateral vi-
bration, and the longitudinal displacement of the pile’s surrounding soil is ignored.

(4) No relative sliding occurs at the pile-soil interface.

(5) The influence of pile cap is not considered.

(6) The harmonic excitation acts horizontally on the pile top.

0, coswt

Bedrock

Figure 3. Schematic of pile-soil interaction model.

Utilizing the Timoshenko beam theory and combining it with the assumptions, the
dynamic equilibrium equation of the helical pile can be derived as

k/ApGp[ana(;,t) . azu(z,t)] + kx . M(Z, t)+

du(zt) 207

u(z, ulz,t) __

o g : )
z,t 0

Eplh - 5 + K ApGp| 242

—¢(z,1)] =0

where u(z,t) and ¢(z,t) denote the LDD and rotation angle of the cross-section of the pile
element segment, respectively; Gp, mp, and Ap represent the shear modulus, pile element
mass, and cross-section area of the helical pile, respectively; k" denotes the shear coefficient
of the cross-section, which is related to the shape of the cross-section. The meanings of the
other symbols are consistent with the previous text.

3.3. Solutions of the Equations

For the steady-state lateral vibration of the pile-soil system, the dynamic equilibrium
equation of the helical pile can be directly solved from the complex frequency domain, and
the solutions of the equation can be written as

u(z,t) = U(z) - é“"o(z,t) = (z) - ", )

where U(z) and ¢(z) denote the amplitudes of the LDD and rotation angle of the helical
pile, respectively. i denotes the imaginary unit.
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For the convenience of solving, the following equations are set:

Wy = EpIL, Jp = K ApGp, ks = ky — mpw?® + cxwi, ©)
Substituting Equations (8) and (9) into Equation (7) yields

d*U(z) ks Wp . d*U(z)

ks - = 1
Wp = T ) +ks-U(z) =0, (10)
W, d3U(z) ke - Wp. dU(z)
— P _ 5 Py,
The solution of Equation (10) can be derived as
U(z) = e**(Aj cos Bz + By sin Bz) + e~ **(Cy cos Bz + Dy sin Bz), (12)

where Aj, Bj, C1, and Dy are constants determined by the boundary conditions. The coef-
ficients « and B satisfy the following equations:

ks | ks
= —_— 1
o w, Tap (13)
ks ks
P AW, 4 a4)

Substituting Equation (12) into Equation (11) gives
P(z) = e**(Ap cos Bz + By sin Bz) + e~ **(Cy cos Bz + D; sin Bz), (15)

According to the Material Mechanics, the BM and SF of the helical pile can be
obtained as

M(z) =W, , )
= —Wp[e** (A3 cos Bz + Bz sin Bz) + e~ **(C3 cos Bz + D3 sin fz)]
Q) =Jp[*5? ~9(2) a7

= Wp[e"*(A4 cos Bz + By sin Bz) + e **(Cy cos Bz + Dy sin fz)]

Combined with, By, Cy, and Dj, the undetermined coefficients in Equations (15)-(17)
can be obtained as

Ap = Aq-t5+ By - tg
By =—Aq-tg+ By t5

, 18
C2:—C1't5+D1-t6 ( )
Dy =—Ci-tg—D;1-t5
Az =Aq-ty+ By -tg
By = —Aq-tg+Bi-ty
CG=C-t7—Dy-tg 19
D3 =Ci-tg+Dq-ty
Ay =A1-tg+ By -ty
By = —Aq-ty+ By -t

, 20
Cy=—-Cq-tg+Dq-tg (20)
Dy=—-Ci-tg—Dq - tg

Since Equations (15)-(17) are derived from Equation (12), the undetermined coeffi-
cients satisfy certain equation relationships, which can be expressed as follows:
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t; = e - cos Bz, (21)
ty = e** - sin Bz, (22)
ty = e ** - cos Bz, (23)
ty = e % -sin Bz, (24)
t5_a(l—ks'zw”uﬂ(atg,aﬁz), (25)
b Ip
ks - W W
ts = p1- =7 By + ]—”(—ﬁ3 +302), (26)
p 14
_e2_p ks 27
ty 14 ]pr ( )
ts = 2, (28)
ks 3 2
tg = a— —a” + 3aff%, (29)
Tp
ks | a3 2
to=p—+p" —3a°p, (30)
Jp

When the rotation angle of the pile top is constrained and the pile bottom is fixed, the
boundary conditions can be obtained as

¥(2)],—0 = 0;Q(2)|,—o = Qo
U(z)|,—p = 0;9(2)|,_p =0 ’ (31)

Utilizing Equations (21)—(30), the boundary conditions can be rewritten as

ts te —ts5 ﬂ { 0 }
AXt = , 32
L9 to —to fo X} Qo/Wp (32)
tq ty i3 t4 ) /0
t5-t; —tg-tr te-t1+t5-t) —t5-13 —tg-1y t6-t3—t5-f4:| {X}_{O}, (33)

Then, the solutions of undetermined coefficients A;, B, C;, and D; can be
obtained as

Ap = Qo- [2(e7F —1) + £2(cos2BL — 1) — t5 - t - sin2BL] / C, (34)
By = Qo - [t5 - te(—e 2%t + cos2BL) + £2 - sin2BL] /C, (35)
C1=Qo [t2- e + 2. cos2BL +t5- tg-sin2BL — £2 — 12]/C, (36)
Dy = Q- [t5 - te(**F — cos2BL) + t2 - sin2BL] /C, (37)
where 0
Qo - (38)

a Ef)lfj(t5 ~tg—tg - tg)’
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C=tg- (¥ —e L) 4 t5- (2sin2BL). (39)

4. Verification of the Present Solutions

The values of pile and soil parameters related to helical pile refer to the parameters
provided by Hu et al. [49]. Unless otherwise specified, the values are shown in Table 1.

Table 1. Parameters of pile and soil.

Parameters Symbol Value Unit
Pile diameter D 0.3 m
Pile length L 4.5 m
Helical extension ratio Dy/D 1.5 -
Helical inclination angle P 30 °
Helical tooth width b 0.075 m
Dimensionless frequency a9 0.5 -
Elastic modulus of pile Ep 2.0 x 10%0 Pa
Elastic modulus of soil Es 4.0 x 10° Pa
Pile density Pp 2.5 x 10 kg/m3
Soil density Ps 2.0 x 10° kg/m?
Pile’s Poisson’s ratio Vp 0.17 -
Soil’s Poisson’s ratio Vs 04 -
Soil’s damping ratio Bs 0.05 -
External load amplitude Qo 100 kN

The maximum values of deformation and internal force are important parts to be con-
sidered in engineering design. Therefore, the variation law of the maximum values of the
LDD, BM, and SF of the helical pile are studied in this paper. For the convenience of anal-
ysis, the following dimensionless parameters are introduced:

umax(z) = E; -D- umax/(500 : QO)/ (40)
Mmax(z) = mmax/(z Qo - D), (41)
Omax (Z) = Qmax/QOI (42)

where tmax, Mmax, and max denote the maximum values of the LDD, BM, and SF of the he-
lical pile, respectively; Umax, Mmax, and Qmax denote the dimensionless maximum values
of the LDD, BM, and SF of the helical pile, respectively.

4.1. Element Division Accuracy of Pile-Soil System

The helical pile is divided into S units with equal thickness for the analysis of LDR.
Therefore, the influence of element division accuracy of the pile—soil system on the LDR of
the helical pile is firstly investigated. The number of the pile-soil system division elements
is given as 20, 40, 60, and 80, respectively. The other parameters of the pile—soil system
are set according to the parameters in Table 1. As shown in Figure 4, when the number of
division elements approaches 80, the LDR curves of displacement, BM, and SF of the helical
pile tend to be stable. In other words, if the number of pile—soil system division elements
is high enough, i.e., S = 80 in this study, the calculation results can tend to be convergent.
Therefore, unless otherwise specified, the number of pile—soil system division elements is
given as S = 80 in the following sections.
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U_. (z)

max

0.0 0.3 0.6 0.9 1.2

Z/m
\

1.2

Z/m

/ - - -5=40
4.0} i == §=60
\ $=80

0.0 0.3 0.6 0.9
0.0 T T

0.5 —

1.0}

Z/m

(c)

Figure 4. Influence of element division accuracy on LDR of helical pile. (a) Lateral displacement

envelope. (b) BM envelope. (c) SF envelope.

4.2. Comparison with Existing Analytical and FEM Solutions

To justify the correctness and rationality of the present solutions, the results computed
from the present solution are successively compared with those computed from the ana-
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lytical solution proposed by Hu et al. [49] and the FEM results obtained from the Abaqus.
The mesh of the FE model is presented in Figure 5, and the total number of the meshes
is 510,677. A four-layered soil case is investigated in this section. The interactions be-
tween the soil and pile are modelled as general contact, in which no slippage is allowed
during the analysis. To compare the three kinds of solutions, the helical extension ratio
Dy/D is set as 1, and the other parameters of the pile-soil system are shown in Table 1.
Figure 6 illustrates the LDR, BM, and SF of the helical pile calculated by the three kinds of
approaches. It is found that the calculation results are in perfect consistency with Hu’s so-
lution, whereas some acceptable differences are observed between the analytical and FEM
results. It cannot be denied that the FEM solution has significant advantages of finely simu-
lating the helix—soil interaction over the analytical solutions. However, due to the complex
geometry of the screw pile, the mesh and convergence of the FE model could consume a
significant amount of time. In this case, the FEM model takes 4 h and 23 min to finish, the cal-
ibration of the computer includes an Intel i9-13900K processor (Intel, Santa Clara, CA, USA),
32 GB RAM, a Nvidia GeForce RTX 4080 (NVIDIA, Santa Clara, CA, USA), whereas the
proposed analytical solution only takes a few seconds to complete.

constraint

screw pile

constraint

Figure 5. Mesh of FEM model established in Abaqus.

To further prove the present solutions, they are also compared with the lateral vibra-
tion solutions of the helical pile proposed by Wang et al. [50], in which the helical pile is
simulated by Euler beam theory. Next, the difference between the calculated results by
the present solutions and the solutions of Wang et al. [50] is investigated under different
inclination angles of the helix, which is set at 5°, 30°, and 45°. The other parameters of
the pile-soil system are shown in Table 1. Figure 7 depicts the LDR of displacement, BM,
and SF of the helical pile obtained by the two kinds of solutions. It is found that the curve
trends calculated by the two kinds of solutions are basically consistent. The LDD of the
pile top increases with the increases in the helix inclination angle, and the BM of the pile
end and the SF of the pile middle part increase with the decrease in the helix inclination.
It is also found that, the smaller the helix inclination angle, the greater the degree of the
above changes. Overall, the results calculated by the two kinds of solutions have a consis-
tent trend, but there are still some differences in the variation trends of the BM of the pile
bottom and the SF of the pile middle part, for the present solutions take the influence of
shear deformation of the helical pile into consideration.
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Unax(2)
0.0 02 04 0.6 08 1.0 12

0.5}

1.0

1.5}

3.5 —e— Hu's solution
40 —— Degenerate solution
’ —— FEM results

4.5

(a)
Ounax(2)

0 ‘-)0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.5}

1.0

1.5¢

3.5}

——Hu's solution
——Degenerate solution
45} —=—FEM results

4.0

——Hu's solution

3.5} I
,/' ——Degenerate solution

401 b —=—FEM solution

45

(c)

Figure 6. Comparison between the present solutions and the solutions obtained by Hu et al. [49].
(a) Lateral displacement envelope. (b) BM envelope. (c) SF envelope.
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Figure 7. Comparison between the present solutions and the solutions obtained by Wang et al. [50].
(a) Lateral displacement envelope. (b) BM envelope. (c) SF envelope.
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5. Parametric Study

In this section, the influences of pile and soil properties on the lateral vibration char-
acteristics of the helical pile with space and time response are systemically investigated.
Unless otherwise specified, the parameters in this section are the same as those in Section 4.

5.1. Space Response Analysis of Helical Pile
5.1.1. Influence of Helix Inclination Angle

According to the common design parameters of the helical piles, the helix inclination
angle is set as 15°, 30°, and 45°, respectively. Figure 8 shows the influence of the helix’s
inclination angle on the LDD, BM, and SF of the helical pile with space response. It can
be found that the LDD of the pile top increases as the helix inclination angle increases.
The BM of the pile end and the SF of the pile middle part increase as the helix inclination
angle decreases. The reason for these phenomena may be that the decrease in the helix’s
inclination angle increases the equivalent diameter and thus increases the stiffness of the
helical pile. It is also found that, the smaller the helix’s inclination angle, the greater the
degree of the above changes.

Umax(z)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0 r T

05}

1.0}

1.05

1.5}

2.0}

3.0F

35t

4.0

4.5

(a)
Mmax(l)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

(b)

Figure 8. Cont.
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Qmax(z)

0.0 0.2 0.4 0.6 0.8 1.0
0.0 T r T T :

05}

1.0}

1.5}

Z/m

3.5}F

4.0}

45%

Figure 8. Influence of helix inclination angle on LDR of helical pile. (a) Lateral displacement enve-
lope. (b) BM envelope. (c) SF envelope.

5.1.2. Influence of Dimensionless Frequency

The dimensional frequency is set as 0.1, 0.5, and 1, respectively, and the helix’s inclina-
tion angle is 30°. Figure 8 illustrates the influence of dimensionless frequency on the LDD,
BM, and SF of the helical pile with space response. As shown in Figure 9a, the LDD of
the helical pile decreases with the increase in the dimensionless frequency. The reason for
this phenomenon is that, when the dimensionless frequency is too high, the load already
generates a reverse force before the pile cross-section has significant deformation, for the
response of the pile is not sensitive enough. As shown in Figure 9b, the BM of the helical
pile decreases with increasing dimensionless frequency at the upper and lower parts of the
pile, while it increases with increasing dimensionless frequency at the middle part of the
pile. As shown in Figure 9¢, at the upper part of the pile, the SF of the helical pile decreases
with increasing dimensionless frequency, while at the lower part of the pile, the SF of the
helical pile increases with increasing dimensionless frequency.
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Figure 9. Influence of dimensionless frequency on LDR of helical pile. (a) Lateral displacement

envelope. (b) BM envelope. (c) SF envelope.

5.1.3. Influence of Pile-Soil Stiffness Ratio

Keeping Es unchanged, E, / Es is set as 1000, 5000, and 10,000, and the other param-
eters are shown in Table. Figure 10 depicts the influence of the pile-soil stiffness ratio on
the LDD, BM, and SF of the helical pile with space response. Overall, all the LDD, BM, and
SF of the helical pile visibly increase as the pile—soil stiffness ratio increases. The reason
for this phenomenon is that, when the pile—soil stiffness becomes large, the ability of the
soil to resist deformation decreases compared to the increasing pile stiffness. Therefore, in
the lateral dynamic design of the helical pile, it is necessary to set a reasonable pile-soil
stiffness ratio, rather than blindly increasing the pile’s body stiffness.
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5.2. Time response Analysis of Helical Pile

In order to further investigate the time response of the helical pile, three representative
positions are selected at the pile top, middle part, and pile end of the helical pile, that is,
z=0m, 2 m, and 4.5 m, respectively. The range of analysis time is greater than one cycle.
Here, taking the influence of dimensionless frequency on the helical pile as an example, the
time response of the LDD, BM, and SF at different positions of the helical pile is studied,
and the following dimensionless parameters are introduced:

U(t) = Ej,-D-u/(500- Qo). (43)
M(t) =m/(2-Qo- D), (44)
Q(t) =9/Qo (45)

5.2.1. Analysis of Displacement Time Response

The dimensionless frequency is setas 0.1, 0.5, and 1, respectively, and the other param-
eters are shown in Table 1. Figure 11 illustrates the influence of dimensionless frequency on
the displacement time response of the pile top, middle part, and pile end of the helical pile.
It is found that, the larger the dimensionless frequency, the less time it makes for the LDD
to reach its maximum value, for an increase in the dimensionless frequency is essentially
an increase in the vibration frequency. The LDD of the pile end is significantly reduced to
the small point where it can be ignored, for the pile end is fixed. It is also found that, the
smaller the dimensionless frequency, the greater the change degree in displacement time
response, for the change in dimensionless frequency leads to nonlinear change in damping
coefficient and period. In summary, the dimensionless frequency has a significant impact
on the displacement time response of the helical pile, and the smaller the dimensionless fre-
quency, the greater the impact. Therefore, in the lateral dynamic design of the helical pile,
the correlation between the natural frequency of the helical pile-soil system and the load
frequency should be considered carefully to avoid the generation of resonance frequency.
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Figure 11. Analysis of displacement time response of helical pile. (a) Displacement time response at
z=0m. (b) Displacement time response at z =2 m. (c¢) Displacement time response at z =4.5 m.

5.2.2. Analysis of Bending Moment Time Response

Figure 12 illustrates the influence of dimensionless frequency on the BM time response
of the pile top, middle part, and pile end of the helical pile. It is found that, the higher the
dimensionless frequency, the smaller the time required for the BM to reach its maximum
value. The dimensionless frequency has little influence on the maximum value of the BM
of the pile top and middle part of the helical pile, but the maximum value of BM at the
pile end increases with the increase in the dimensionless frequency. Overall, the influence
of different dimensionless frequencies on the BM at each position is significant, and the
smaller the dimensionless frequency, the greater the influence.

5.2.3. Analysis of Shear Force Time Response

Figure 13 depicts the influence of dimensionless frequency on the SF time response
of the pile top, middle part, and pile end of the helical pile. It is found that, the higher the
dimensionless frequency, the less time it requires for the SF to reach its maximum value.
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Except for periodic changes, different dimensionless frequencies have little effect on the

maximum values of SF at the top and middle part of the helical pile. However, at the end

of the helical pile, different dimensionless frequencies have a more significant influence

on the maximum SF of the helical pile, and the smaller the dimensionless frequency, the

greater the influence.
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6. Conclusions

To promote the application of the helical pile in engineering mainly subjected to var-
ious lateral loads, based on the Winkler foundation model and the Timoshenko beam the-
ory, this paper establishes the analytical solutions for the LDD, BM, and SF of the helical
pile. Based on the present solutions, a parametric study is conducted to study the pile and
soil properties on the LDR of the helical pile. The main conclusions are drawn as follows:

(1) The LDD of the pile top increases with the increase in the helix inclination angle, but
the BM of the pile top and pile end, as well as the SF of the middle part of the helical
pile, increase with the decrease in the helix’s inclination angle. The smaller the helix’s
inclination angle, the greater the change degree.

(2) The LDD of the pile top decreases with the increase in the dimensionless frequency,
while the SF of the pile end increases with the increase in the dimensionless frequency.

(3) The LDR of the pile body basically increases significantly with the increase in the
pile—soil stiffness ratio.

(4) The smaller the dimensionless frequency, the more time it takes for the LDR to reach
its maximum values, and the smaller the dimensionless frequency, the greater the
change degree. The reason for these phenomena is that the change in dimensionless
frequency results in nonlinear change in the damping coefficient and period.
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